Cellulose biogenesis: Polymerization and crystallization are coupled processes in Acetobacter xylinum by Benziman, M. et al.
Proc. Nati. Acad. Sci. USA
Vol. 77, No. 11, pp. 6678-6682, November 1980
Cell Biology
Cellulose biogenesis: Polymerization and crystallization are coupled
processes in Acetobacter xylinum
(Calcofluor White/microfibril assembly/hydrogen bonding)
MOSHE BENZIMAN*, CANDACE H. HAIGLER, R. MALCOLM BROWN, JR.t, ALAN R. WHITE, AND
KAY M. COOPER
Department of Botany, University of North Carolina, Chapel Hill, North Carolina 27514
Communicated by John N. Couch, August 11, 1980
ABSTRACT Calcofluor White ST, a stilbene derivative used
commercially as an optical brightener for cellulose, increased
the rate of glucose polymerization into cellulose by resting cells
of the gram-negative bacterium Acetobacter xylinum. This
bacterium normally produces a ribbon of cellulose that is a
composite of crystalline microfibrils. In concentrations above
0.1 mM, Calcofluor disrupts the assembly of crystalline cellulose
I microfibrils and their integration into a composite ribbon by
stoichiometric binding to glucose residues of newly polymerized
glucan chains. Under these conditions, the rate of glucose
polymerization increases up to 4 times the control rate, whereas
oxygen uptake increases only 10-15%. These observed effects
are readily reversible. If free Calcofluor is washed away or
depleted below the threshold value by binding to cellulose as
polymerization continues, ribbon production and the normal
rate of polymerization resume. It is concluded that polymer-
ization and crystallization are cell-directed, coupled processes
and that the rate of crystallization determines the rate of poly-
merization. It is suggested that coupling must be maintained
for biogenesis of crystalline cellulose I.
Since cellulose is virtually ubiquitous in the plant kingdom,
much effort has been spent trying to understand the mechanism
by which it is formed. This problem has proved to be complex
because it involves not only the biosynthesis of high molecular
weight d3-1,4 glucans but also the biogenesis of crystalline cel-
lulose I fibrils. These fibrils exist in a parallel chain crystalline
lattice, although the antiparallel chain lattice, cellulose II, is
thermodynamically favored (1, 2). More progress has been
made toward understanding the biochemistry of polymeriza-
tion than toward understanding the biogenesis of the fibrils,
partly because the attempts to achieve in vitro synthesis of
cellulose I by cell-free preparations have proved to be incon-
clusive (3-7).
Recently, in vivo studies of algae and higher plants (8-15)
have helped to elucidate the macromolecular mechanisms of
microfibril biogenesis, suggesting that cellulose microfibrils
elongate from organized terminal synthesizing complexes that
move in the plane of the plasma membrane. Studies of Aceto-
bacter xylinum, a bacterium which synthesizes a ribbon of
cellulose composed of crystalline microfibrils, have similarly
suggested that microfibrils elongate in association with terminal
synthesizing complexes; however, these presumed synthesizing
complexes have been associated with a longitudinal array of
stationary extrusion sites in the lipopolysaccharide layer of the
bacterium (16, 17). All of these studies have been limited to the
macromolecular level of fibril assembly because there was no
known probe into the molecular mechanism.
Calcofluor White ST (4,4'-bis[4-anilino-6-bis(2-hydroxy-
ethyl)amino-s-trizin-2-ylamino]-2-2'-stilbenedisulfonic acid)
has proved to be a valuable tool with which to study the mo-
lecular dynamics of microfibril crystallization and ribbon as-
sembly in A. xylinum. This fluorescent brightener is highly
substantive for cellulose, forming hydrogen bonds with free
hydroxyl groups (18). When Calcofluor is added to resting cells
of A. xylinum, it alters the morphology and crystallinity of the
cellulose synthesized (19). Recent experimental results have led
to the hypothesis that the crystallization phase of cellulose mi-
crofibril assembly is cell-directed in A. xylinum (20). Crystal-
lization into cellulose I microfibrils requires a precise ar-
rangement of synthesizing sites in relation to the cell surface.
In this study we investigated the effect of Calcofluor on
polymerization kinetics. The results indicate that the rate of
polymerization is greatly enhanced in the presence of Calco-
fluor and that polymerization and crystallization are cell-di-
rected, coupled processes in A. xylinum. Such coupling may
well be required for biogenesis of cellulose I.
METHODS AND MATERIALS
A. xylinum strain ATCC 23769 from the American Type
Culture Collection was grown on glucose for 24 hr at 30°C
under static conditions as described (21). The pellicles produced
at the air/liquid interface of the medium were soaked in three
changes (each 20 min) of cold 50 mM phosphate buffer (pH 7.0;
150 ml per pellicle). The cells were released by twisting a
drained pellicle around a wooden applicator stick, and the cell
suspension obtained was used without dilution.
Determination of Rate of Cellulose Synthesis. The standard
system contained 1.2 ml of the above cell suspension and 40mM
D-[14C(U)]glucose (125,000 cpm/,gmol; ICN) in 50 mM phos-
phate buffer (pH 7.0). Incubation was at 30°C in stoppered
scintillation vials with shaking (80 oscillations per min). The
14CO2 formed was collected in small tubes (containing 0.2 ml
of hyamine hydroxide) placed in the vials. The reaction was
stopped by immersing the reaction mixtures in liquid nitrogen.
The cells and synthesized cellulose were separated by centrif-
ugation in the cold at 39,000 X g for 10 min and were washed
twice with water. The supernatants were combined and kept
for analysis. Aggregation time was determined by the ap-
pearance of small macroscopic spherical aggregates with an
accuracy of ±1 min.
Analytical Methods. Cellulose/cell sediments were washed
an additional three times with deionized water, treated with
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0.5 N KOH for 20 min at 1000C, washed three more times, and
dried at 60'C; then the radioactivity was measured. The
amount of cellulose formed was calculated from the total 14C
incorporation into the alkali-insoluble material and from the
specific activity of the substrate glucose. Amounts of cellulose
formed were occasionally determined chemically (22) and
found to be in excellent agreement with the amounts deter-
mined by label incorporation. Calcofluor was determined
fluorometrically by excitation at 340 nm and measurement of
the emission at 433 nm. Fluorescence readings for experimental
samples were compared to a standard curve relating fluores-
cence to concentration. The degree of polymerization of altered
and normal cellulose was determined according to the standard
method of testing for intrinsic viscosity of cellulose (23). Cel-
lulose degradation by Trichoderma cellulase was carried out
at 30'C with an enzyme concentration of 1 mg/ml (24).
Light Microscopy. Darkfield fluorescence microscopy was
performed with a Zeiss Photoscope II with a UG1 exciter filter
and barrier filter 41.
Electron Microscopy. Cells were negatively stained with 1%
aqueous uranyl acetate with bacitracin as the spreading agent.
High resolution micrographs were obtained by preparing
specimens on grids overlaid with Parlodion micronets and ul-
trathin carbon films. Cells were attached to Formvar/carbon-
coated grids by touching the surface of the grid to a drop of cell
suspension. Grids could then be transferred to different incu-
bation solutions with minimum disturbance to attached cells.
All preparations were examined with a Hitachi HU 1iE elec-
tron microscope operating at 75 kV.
Chemicals. Calcofluor White ST was a gift from American
Cyanamid, Bound Brook, NJ. Isolated from Trichoderma
reesei, cellulase (99% pure) was a gift from Ross Brown, Jr.
(Virginia Polytechnic and State University, Blacksburg, VA).
RESULTS
The rate of glucose incorporation into cellulose by resting A.
xylinum cells in swirling cultures was greatly increased by
addition of Calcofluor to the system (Figs. 1 and 4). The extent
of increase varied between 2 and 4 times the control rate, de-
pending on the batch of cells used. Cellulose synthesis began
immediately on addition of glucose or glucose and Calcofluor,
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FIG. 1. Effect of Calcofluor on the rate of cellulose synthesis as
a function of cell concentration. Indicated amounts of cells (dry
weight) were incubated in standard systems for 10 minin the absence
(0) and presence (0; 0.57 ,mol) of Calcofluor.
The increase in rate of synthesis induced by Calcofluor was
accompanied by a change in the morphological characteristics
of the cellulose produced. In the absence of Calcofluor, synthesis
was attended by the rapid appearance (within 2 to 3 min) of
macroscopic spherical aggregates. These were composed of a
matrix of intertwined, twisting cellulose ribbons in which the
cells were embedded (Fig. 2a). Individual ribbons were com-
posed of bundles of 30-A microfibrils, which integrated laterally
into composite ribbons as they elongated in close association
with the cell surface (Fig. 2b). In the presence of Calcofluor,
aggregation at the macroscopic level was greatly delayed. In-
stead of forming narrow, twisting ribbons that elongated par-
allel to the longitudinal axis of the cells, the bacteria synthesized
broad bands of material that fluoresced brightly in the light
microscope because of the binding of Calcofluor. After negative
staining for electron microscopy, the band was seen to be
composed of bent fibrils (15-60 A) that also originated at the
cell surface (Fig. 2 d and e).
The band material formed in the presence of Calcofluor was
alkali-insoluble and was rapidly degraded upon digestion with
purified cellulase, becoming water-soluble. From viscosity
measurements, its degree of polymerization was determined
to be approximately 1680, which was about the same as that in
control samples.
Aggregation time in the presence of a given amount of Cal-
cofluor was inversely proportional to cell concentration and thus
to the rate of cellulose synthesis (Fig. 3). The amounts of cel-
lulose synthesized and Calcofluor depleted from the medium
up to the time of aggregation were approximately constant. The
molar ratio of free Calcofluor depleted from the medium to
glucose incorporated into cellulose was approximately 3. A
similar value was found for the molar ratio of the amount of
water-soluble Calcofluor released to the amount of glucose
released by cellulase digestion of the product formed before
aggregation. It is noteworthy that approximately 0.1 mM
Calcofluor remained free at aggregation time regardless of cell
concentration, initial Calcofluor concentration, or rate of syn-
thesis. This value corresponded closely to the critical threshold
concentration of Calcofluor below which normal ribbon pro-
duction was visualized by negative staining for electron mi-
croscopy (20).
The extent to which Calcofluor affected the rate of synthesis
and aggregation time of cellulose did not depend on whether
the cells were preincubated with Calcofluor or whether Cal-
cofluor and glucose were added simultaneously. The effects of
Calcofluor were readily reversible upon removal of the free
reagent by washing or by depletion. Cells preincubated with
Calcofluor for 15 min and subsequently washed exhibited the
same rate of cellulose synthesis after washing as did the non-
Calcofluor-treated controls. The rate of cellulose synthesis re-
turned to the normal rate in control cells after the depletion of
Calcofluor from the medium and the onset of aggregation (Fig.
4). The same rapid reversibility was observed in preparations
for electron microscopy. When a carbon/Formvar-coated grid
with adhering cells was incubated first in a glucose/Calcofluor
medium, washed rapidly to remove all free Calcofluor, and
subsequently incubated with-Calcofluor-free glucose, a normal
ribbon was observed at the cell surface with the Calcofluor-
induced band material attached at the far end (Fig. 2c).
The effect of Calcofluor on the rate of cellulose synthesis was
dependent on its concentration. A saturation curve was obtained
by plotting the rate of cellulose synthesis as a function of Cal-
cofluor concentration (Fig. 5). Variation of glucose concen-
tration within a wide range (3-150 mM) did not affect the rate
enhancement by Calcofluor. The rate of glucose oxidation to
CO2 was only slightly affected by Calcofluor, increasing by
10-15 percent in the presence of 0.5-5.0 mM Calcofluor.
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FIG. 2. (a) A typical view of A. xylinum cells aggregated by intertwining ribbons. (X7000.) Bar is 1 ,um. (b) High resolution negative staining
of a single ribbon. Note the twisting of the ribbon and the 30-A microfibril which is pulled away (arrow). (X153,000.) Bar is 0.1 tim. (c) A negatively
stained cell that was incubated for 3 min in Calcofluor-containing glucose, washed in buffered glucose, then incubated for 3 min in Calcofluor-free
glucose. Note the sequential conversion from band to ribbon and the intimate association of the ribbon with the cell surface. (X17,800.) Bar
is 1 ,um. (d) Two cells, each with bands of altered cellulose produced after 10 min in the presence of 0.25 mM Calcofluor. (X14,520.) Bar is 1 unm.
(e) High-resolution negative staining of Calcofluor-induced band material. A small part of the cell surface is visible in the lower left corner. Note
the 15-A fibrils (arrows). (X236,160.) Bar is 0.05 ,um.
DISCUSSION
The properties of the product formed by A. xylinum from
glucose in the presence of Calcofluor indicate that it is a high
molecular weight (3-1,4 glucan. X-ray diffraction studies have
shown that it differs from native cellulose only in crystallinity
(20). The Calcofluor-induced product has no detectable crys-
tallinity in the wet state but dries into crystalline cellulose I,
whereas the native A. xylinum cellulose has the same cellulose
I crystallinity in both wet and dry states. Because Calcofluor
is substantive for cellulose and binds with hydroxyl groups of
straight chain polysaccharides (18), it can prevent interchain
hydroxyl interactions, which are critical for crystallization of
glucan chains into microfibrils (25). Such a direct binding of
Calcofluor to cellulosic hydroxyls is consistent with our obser-
vations of (i) a threshold concentration of Calcofluor needed
to alter the morphological appearance of the cellulose and (ii)
a stoichiometric relationship between the amount of Calcofluor
utilized and the amount of cellulose synthesized before
aggregation. Thus, Calcofluor not only prevents assembly of
microfibrils, thereby changing ribbon morphology; but it also
prevents assembly of individual microfibrils, thereby prohib-
iting cellulose crystallization. The altered cellulose must be in
ordered but noncrystalline bundles of parallel glucan
chains-namely, in a tactoidal state-because crystalline cel-
lulose I is obtained on drying. This correlates with the strong
birefringence shown by the altered product under polarized
light (20).
In addition to changing the morphological appearance and
crystallinity of cellulose, the results indicate that Calcofluor also
induces a large increase in the rate of glucose polymerization.
This effect seems more dramatic because Calcofluor does not
change the overall rate of glucose oxidation and, therefore, does
not appear to be directly linked to the energy metabolism of
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FIG. 3. Aggregation time as a function of cell concentration in
the presence of a constant amount of Calcofluor. Indicated amounts
of cells (dry weight) were incubated with 0.57 ,mol Calcofluor. Re-
actions were stopped at onset of aggregation. Cellulose in sediment
and Calcofluor in solution were determined as described. A and B
represent, respectively, amounts (Mumol) of cellulose formed and
Calcofluor utilized at aggregation time.
added and increases the incorporation of glucose into cellulose
(26).
It is unlikely that the stimulatory effect of Calcofluor is
caused by its direct interaction with the cellulose-polymerizing
enzymes because: (i) Calcofluor acts as a reactant in the overall
process, binding in a stoichiometric ratio to newly synthesized
cellulose; (ii) in vitro synthesis of cellulose polymer from
UDP-glucose catalyzed by particulate cell-free preparations
of A. xylinum is not affected by addition of Calcofluor (un-
published results); and (iii) the polymerizing enzymes are
probably not readily accessible to the large, charged Calcofluor
molecules. It has been reported that some bacteria incorporate
Calcofluor and fluoresce in vivo (27); however, darkfield flu-
orescence microscopy of whole cells and thin sections of A.
xylinum show that Calcofluor is not incorporated or bound to










FIG. 4. Time course of cellulose synthesis in the absence and
presence of Calcofluor. Cells (0.25 mg, dry weight) were incubated in
standard systems in the absence (0) and presence (0; 0.43 jimol) of
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FIG. 5. Effect of Calcofluor concentration on the rate of cellulose
synthesis. Cells (0.4 mg, dry weight) were incubated for 10 min in a
standard system in the presence of the indicated concentrations of
Calcofluor.
size of the charged Calcofluor molecule would seem to preclude
its entry into the 35-A pores of A. xylinum (17), which are filled
with glucan chains during cellulose synthesis. The improbability
of penetration into the pores is supported by the rapid reversions
from ribbons to bands, which occur without a break in the
synthesis process. Therefore, it is likely that Calcofluor exerts
its effect by binding to glucans after they are extruded from
the pores in the lipopolysaccharide layer.
If Calcofluor does not directly affect the polymerizing en-
zyme systems, its stimulatory effect must then be related to its
interference with the crystallization phase of the overall bio-
synthetic process. From this conclusion it follows that the two
phases of cellulose I biogenesis (namely, polymerization and
crystallization) are tightly coupled and that the rate of crys-
tallization determines the rate at which polymerization pro-
ceeds.
The concept that polymerization and crystallization are
tightly coupled in cellulose biogenesis clarifies the mechanism
of cellulose microfibril crystallization and is consistent with the
proposal that crystallization and ribbon assembly are cell-di-
rected processes in A. xylinum (20). Brown et al. (16) and Zaar
(17) have proposed that crystalline microfibrils are extruded
from the pores in the cell surface and that these microfibrils
associate into the composite ribbon. The ordered but noncrys-
talline character of the wet Calcofluor-induced product (20)
suggests, however, that under normal conditions of synthesis,
microfibril crystallization occurs as tactoidal glucan bundles
associate at the cell surface after extrusion. The time required
for these bundles to associate and crystallize could limit the rate
of polymerization. Further, since many microfibrils form only
one highly organized ribbon, it'seems probable that the rates
of synthesis at various sites on the cell must be closely coordi-
nated. This suggests that the overall rate of polymerization
might be limited by the rate at the slowest site. Since Calcofluor
immediately binds to the hydroxyl groups of nascent microfi-
brils as they are extruded at each site, the two limitations de-
scribed above are bypassed. Therefore, the full capacity of the
polymerizing enzymes at each site can be realized and the
overall rate of polymerization is increased. The degree of rate
enhancement depends on the Calcofluor concentration (Fig.
3) or on the extent to which the rate limitations are bypassed
by Calcofluor saturation of hydrogen-bonding sites involved
in normal crystallization. The molecular mechanisms that
regulate the polymerizing enzymes remain to be elucidated,
but it is clear that the interaction of the cellulose product with
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An alternative mechanism to cell-directed coupling of
polymerization and crystallization of cellulose would be a rapid
and spontaneous extracellular crystallization of extruded
polymer into cellulose I; however, such a mechanism is hardly
compatible with the stimulation of glucose polymerization by
Calcofluor. Furthermore, spontaneous extracellular crystalli-
zation would more than likely result in the thermodynamically
favored cellulose II (25) rather than in cellulose I. Cell-directed
crystallization of tactoidal glucan bundles as proposed (20) can
explain production of thermodynamically less-favored, par-
allel-chain cellulose I.
The molar ratio of polymerized glucose to oxidized glucose
increases in the presence of Calcofluor. This implies that either
cell-directed crystallization is an energy-requiring process or
that there is energy available for polymerization that is not
effectively used when normal crystallization occurs, but which
can be used when the crystallization constraint is bypassed by
Calcofluor. The latter alternative might explain why the extent
of rate enhancement by Calcofluor varies between cell batches,
which may reflect different compatibility of rates of cellular
polymerization and crystallization.
The coupling of polymerization and crystallization may well
be essential for the in vivo assembly of native cellulose I mi-
crofibrils. If the integrity of cell structure that mediates this
coupling is disrupted, the native cellulose I microfibrils cannot
be assembled, although f3-1,4 glucans may continue to be
polymerized. The necessity of these two processes remaining
appropriately coupled may explain why in vitro synthesis of
crystalline cellulose I has thus far proved so difficult.
It is interesting to note that in vitro assembly of antiparallel
a-chitin fibrils has recently been achieved (28). The cell-free
synthesizing complex, the chitosome, apparently functions
independently from other cell structures to form the a-chitin
polymer, which can spontaneously crystallize into the ther-
modynamically favored antiparallel form (29). On the other
hand, the # chitin that consists of parallel chains (30) is the ex-
ception among chitin-forming systems and may prove to have
a cell-directed mode of assembly similar to the one proposed
for cellulose (31). For organisms that synthesize cellulose,
however, coupled polymerization and crystallization mecha-
nisms may have become the rule, rather than the exception.
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